Abstract-This paper proposes an analytic method based on finite-element method (FEM) for the rolling gaits of tensegrity robots. By analyzing forces during the rolling motions, the following problems can be solved. First, the relation between the actuator combinations (AC) and the rolling directions is discovered for controlling the rolling motions. Second, the influence of the driving parameters on the deformations is found out for obtaining the optimized control strategy. Third, the influence of the material parameters on the rolling motions is achieved as guidance to design physical robots. Tensegrity robots were proposed as novel mobile robots based on tensegrity structures that consist of discrete rigid struts and continuous elastic cables. The tensegrity structures process the shock resistance ability and high deformation capacity, and can be used to build lightweight mobile robots. The tensegrity robots can generate multiple gaits and multiple deformations. Rolling gaits are more stable than jumping and more efficient than crawling. Aiming at rolling gaits, to solve the three problems mentioned earlier, force analysis is required. The internal forces of the tensegrity structures always keep balance to maintain the shape of the structures, however, as the structures are highly coupled, the variation of one force will change the rest of the forces and generates feedback effects to this force. As the number of the forces increase with the growing number of struts, the force analysis becomes more and more complicated. The existing exhaustive experimental method can obtain the relation between the AC and the rolling directions through massive experiments, but this method cannot tell the influence of the driving parameters on the deformations and the experiment results based on certain robots are not suitable for other robots without analyzing the influence of the material parameters. In this paper, an analytic method based on FEM is introduced. A six-strut tensegrity model is used as an example to test the feasibility of the method. Experiments on a physical robot Manuscript
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NOMENCLATURE

N, B, C, S
Set of nodes, bars, cables and struts. The rest length of {i, j}.
L ij
The length of {i, j} after deformation. P The air pressure.
L p
The length of actuator with air pressure P .
L c p
The critical driving length.
G
The gravity of the tensegrity. f Load of actuator.
Δl
The elongation value of actuator with load f . p ij The roll axis from node i to j.
F ij
The force generated by passive unit {i, j}.
W ij
The force generated by actuator {i, j}.
T ij
The The z-axis displacements of the nodes contacting with the ground.
I. INTRODUCTION
I
N the last decade, tensegrity robots were proposed as a new type of mobile deformable robots. Traditional mobile robots [1] lack shock resistance ability and security because they all consist of rigid elements connected by rigid joints. Soft robots [2] - [4] exhibit better performance in these two properties, however, soft materials limit the size and the speed of the robots. The tensegrity robots introduce the rigid struts into the elastic materials to break the limitations. The tensegrity structures are composed of the discrete rigid struts and the continuous elastic cables. The elastic cables provide high deformation capacity and the shock resistance ability, and guarantee the security for the robot. The rigid struts support the shape of the robot to avoid the collapse and constriction of the elastic materials. The tensegrity robots possess the characteristics of high strength-mass ratio that can be utilized to build lightweight robots for transporting to disaster areas easily and cheaply, and owing to the flexible characteristics and the shock resistance ability, they can be applied on rescue missions in some dangerous environments. Tensegrity robots are designed on the concept of tensegrity structures widely used in architecture. The word tensegrity, a combination of Tensile and Integrity, was coined by Fuller in the 1940s [5] . The most widely accepted definition of tensegrity is the one proposed by Pugh [6] .
A tensegrity system is established when a set of discontinuous compression components interacts with a set of continuous tensile components to define a stable volume in space.
Pugh's definition only takes into account two different kinds of elements: compressive and tensile, which can be regarded as struts and cables, respectively. In tensegrity structures, the struts are always under pressure and the cables are always in tension.
The tensegrity structures were applied to mobile robots by Paul et al. for the first time. They proposed a three-strut tensegrity robot and a four-strut tensegrity robot, both of which can crawl forward with an appropriate set of gait cycle [7] , [8] . They treated the robots as highly coupled legged robots and produced crawling gaits for them by means of genetic algorithms [9] . However, the complexity of this method keeps rising with the increase of the amount of the struts. A six-strut tensegrity robot is proposed by Shibata et al. in [10] and [11] based on the deformation ability of the tensegrity structures, which are owing to the tensional elements in the structures. The six-strut tensegrity robot can roll on a flat ground like a spherical robot. Exhaustive experimental method has been applied on the robot to find out the relationship between the actuators and the rolling directions, yet there is no systematic theoretical analysis about the rolling gaits. Tur et al. used neural network control algorithm to produce the gait of the tensegrity robots [12] . Tur and Rovira analyzed the movement and control methods of tensegrity robots and took the movement of the robots along different paths for simulations [13] .
Recent research works in [6] and [12] mostly focus on the crawling gaits. The robot crawls forward by repeatedly lifting and putting down the nodes touching the ground like a legged robot. The nodes that may touch the ground are fixed during the crawling, and the deformation of the robot is small. The crawling motion is more stable but less efficient than the rolling motion.
The rolling gaits are generated by self-deformation, and the deformation is the result of the interaction among the forces.
When the external forces are applied on the robot, the balance is broken and the robot will change its shape to reach a new balance. However, the tensegrity structures are highly coupled, and the variation of one force will affect all the rest forces and has a feedback on this force. Even worse, the number of the forces is increasing with the growing amount of the struts. These two aspects increase the difficulty for analyzing the forces. Hence, there is no analytic method for the rolling gaits, and exhaustive experimental method is often used to find out the relation between the actuator combinations (AC) and the rolling directions. However, for lack of force analysis, the influence of the driving parameters on the deformations cannot be discovered, and the experiment results on a certain robot cannot be applied on other robots that are made of different materials without analyzing the influence of the material parameters.
For solving the problems mentioned earlier, a force analytic method based on finite-element method (FEM) is proposed in this paper. This method analyzes the interaction among forces, and builds the force equilibrium equations for obtaining the shape after deformation. Through different analysis of the computation results of the equations, we can obtain the relation between the actuators and the rolling directions, the influence of the driving parameters on the rolling performance, and the influence of the material parameters on the rolling performance and the forces on the joints.
The paper is organized as follows. In Section II, the topology model is introduced to describe the tensegrity robots and the rolling gaits. Section III expatiates the force analytic method based on the FEM. Section IV takes a six-strut tensegrity robot as an example and applies the method to find out the relation between the actuators and the rolling directions, as well as the influence of the driving parameters and the material parameters on the rolling motions. A physical robot is made and experiments are taken to verify the computation results above in Section V. Finally, some conclusions and future works are outlined in Section VI.
II. DESCRIPTION OF ROLLING MOTIONS
A. Rolling Principle
The procedure of the rolling motion can be regarded as two steps: deformation and rolling. The position of the mass center of the tensegrity is changed as a result of the deformation, if the robot cannot keep still after deformation, the robot will roll along a certain edge of the bottom polygon to another stable state.
The shape of tensegrities can be changed by shortening the lengths of cables or elongating the lengths of struts. However, slider joints should be added to elongate lengths of the struts, but they will lower the strength of the struts. As the struts are the "bones" of the tensegrity and they support the volume of the structure, they are not chosen as actuators for avoiding damages. Hence, the cables are chosen as actuators.
The forces during the two steps are considered as follows. First, the forces during the deformation are divided into two types: the driving forces generated by actuators and the passive forces generated by the rest components. The two types of forces will reach a new balance, and the shape of the tensegrity is fixed when the balance is reached. As the forces generated by elastic deformations of the components are the main factors that cause the deformation, the mass of the components are not taken into consideration during the step, but the nodes touching the ground will always touch the ground as a result of the gravity. The models of the actuators and the passive components will be introduced in Section III.
Second, the forces analyze the new balance shape and consider the mass of the structure. If the projection of the mass center after deformation still locates inside the bottom polygon, the robot will stay still as shown in Fig. 1(a) ; if not, the robot will roll along one edge of the bottom polygon as shown in Fig. 1(b) .
B. Topological Model
A topological model G = (N ; B, C, S) is proposed to describe the tensegrities, where N = {1, . . . , n} is the set of nodes. All the two-element subsets of N are divided into three disjoint sets: struts S, cables C, and bars B. The struts are compressive components, the cables are tensile components, and the bars are virtual components.
A realization of the topological model is G(P), P = {p 1 , . . . , p n } ∈ R 3n . It is obtained by locating node i at point p i in R 3 . It can be used to describe the shape of the tensegrities. The convex hull of the tensegrity is a polyhedron, and the set of faces of the polyhedron is V = {V 1 , V 2 , . . . , V m }. The ith face of the polyhedron V i = {j, . . . , k}, j, . . . , k ∈ N , and j, . . . , k are the vertices of the face V i . In any stable state, there must be one face touching the ground. Namely, each stable state can be expressed by a face of the polyhedron. The rolling motion is the transition among different stable states that can be described as transitions among faces.
A six-strut tensegrity structure made of sticks and rubber bands is taken as an example. As shown in Fig. 2 , it consists of 12 nodes, 6 struts, 24 cables, 36 bars, and 20 faces. The convex hull of the six-strut tensegrity structure is an icosahedron and the net of the icosahedron is shown in Fig. 3 . The solid lines indicate the cables, and the dash lines indicate the eight bars on the surface (the rest bars are inside the icosahedron). The gray faces are regular triangles (RT) and the white faces are isosceles triangles (IT).
Its topological model can be expressed by G = (N ; B, C, S). The node set N = {1, . . . , 12}, and each element in N indicates an end of a strut. We use hexadecimal notations a, b, and c to replace the 10, 11, and 12, respectively. The cable set C = {{1, 7}, {7, 9}, {9, 1}, . . . , {4, 6}, {6, c}, {c, 4}}, and each element in C indicates a cable, the rubber band. The strut set S = {{1, 2}, {3, 4}, {5, 6}, {7, 8}, {9, a}, {b, c}}, and each element in S indicates a strut, the stick. The bar set B is the set of the rest two-element subsets of N , for example, bar {1, 3} indicates a fixed length between node 1 and 3, and there is no real component between the pair of nodes.
Suppose a realization of the topological model is an icosahedron shown in Fig. 2 , then each node of the six-strut tensegrity structure is a vertex of the icosahedron. The face V 3 = {1, 8, b} is the base of the icosahedron in Fig. 2 and it indicates this stable state. The transition V 3 → V 17 → V 7 → V 12 describes a rolling motion.
III. FORCE ANALYTIC METHOD FOR ROLLING MOTIONS
As the rolling motions of the tensegrity robots are caused by deformation, and the deformation is a result of balance among driving forces and passive forces, a force analytic method is proposed in this section to find out the deformed shapes. By analyzing the deformed shapes, we can find out the relative position of the mass center and the grounded polygon to determine the relation between the AC and the rolling directions, the variation of the gravitational torques with different parameters to discuss the influence of the driving parameters, and the variation of the driving forces to discuss the influence of the material parameters.
The flow of the method is shown in Fig. 4 , and the procedure contains three steps.
First, according to FEM, we divide a tensegrity structure into "units," and the "units" interact with each other on "nodes." Considering the characters of tensegrity structures, we treat struts and cables as "units" and each end of a strut is a "node."
Second, the driving forces generated by the actuators and the passive forces generated by passive units are calculated by different models, then the force equilibrium equations is established.
The passive units' model is shown in (1). The passive struts are treated as elastic material according to the knowledge of mechanics of materials [14] , and the passive cables are treated as springs. In (1), E ij is the Young's modulus of unit {i, j}, A ij is the cross area of unit {i, j}, and L ij is the initial length of the unit {i, j}. These parameters can be obtained from the material parameters. L ij is the length of the unit {i, j} after deformation.
T indicate the initial position and the displacement of the node i, respectively. k c is the elastic coefficient of the cables
The actuators' model is shown in (2) . The driving force W ik generated by actuator {i, k} is an elastic force. The power source shrinks the length of the actuator {i, k} and breaks the balance of the structure, meanwhile, the variation of the internal forces feeds back and stretches the length of the actuator. The deformation of the actuator {i, k} supplies the force W ik on the node i. Pneumatic muscle actuators (PMAs) are used as actuators in our researches. Let L p indicates the length of the actuator {i, k} when it is driven by air pressure P without load. The value of L p depends on the air pressure P and can be obtained by experiments. L p is a constant when the air pressure P is given. When load f acts on the actuator, it will stretch the length of the actuator, as shown in Fig. 5 . The actuator {i, k} is treated as a spring with elastic coefficient k c . The length of actuator will change to L p + Δl and Δl = f/k c . However, the force W ik generated by the actuator and the load f are a pair of interaction forces; hence, the magnitude of the external force is equal to f ,
After obtaining the driving forces and the passive forces, the force equilibrium equations can be built as shown in (3). The total force on each node is zero when the tensegrity robot reaches a new balance
Due to the gravity of robot, supposing the nodes contacting with the ground will not leave the surface of the ground during the deformation, namely the z-axis displacements of the nodes contacting with the ground w ground = 0. Considering the characteristic of the tensegrity structures, for any passive unit {i, j} ∈ C, L ij > L ij , and any passive unit {i, j} ∈ S, L ij < L ij . By substituting (2) and (1) into (3), the expanded equations are obtained as shown below:
Third, substituting the known parameters into the equations and solving them to obtain the displacements of the nodes. The deformed shape of the robot is determined by the new position of the nodes (5). The new position vector of node i is calculated by adding a displacement vector
T as shown below:
The force analytic method finds out the deformed shapes of the tensegrity robots. Then, by changing the variables and analyzing the computation data, the following three problems can be solved.
A. Relation Between the AC and the Rolling Directions
The relation provides guidance for controlling the robot roll to a certain destination.
Traversing all the AC, the relation between the AC and the rolling directions for each initial state can be obtained.
Choosing suitable driving parameters and material parameters, and substituting different AC into the equations to find out the new position vector p i for each node i. A tensegrity with c cables has c k kinds of AC if k cables are chosen as actuators. As shown in Fig. 1 , we put the counterclockwise as the positive direction of the edges of the grounded polygon, namely, the possible roll axes. If the gravitational torque T ij along the roll axis p ij = p j − p i is in the same direction of p ij , the robot will roll along this axis. If none of the torques is in the same direction of the corresponding roll axis, the robot will stay still.
The gravitational torque T ij can be calculated by (6) , where α ij indicates the cross point of p ij and the plane that perpendicular to p ij and across the mass center M. The gravity
T . m ij indicates the mass of the unit {i, j}. The tensegrity is treated as a system of particles, then the position vector of the mass center of the tensegrity can be computed by (7) , where the position vector of the unit {i, j} r ij can be computed by the position of its two vertices r ij = (p i + p j )/2, as the mass of each unit is uniformly distributed in both side of the centroid
B. Influence of Driving Parameters
As the number of AC is much bigger than the number of rolling directions from a certain stable state, for driving a tensegrity robot roll from V i to V j , multiple AC may exist. By analyzing the influence of the driving parameters on the rolling performance, optimized AC with lower energy consumption is selected.
Given a group of material parameters, aiming to each AC that can drive the robot roll from V i to V j , a group of driving parameters L p are substituted into the force equilibrium equations to get the gravitational torque T ij along the efficient roll axis p ij . The efficient roll axis is the axis that the robot will roll along. Then, the changing curve of the magnitude of the gravitational torque T ij and the driving length L p for each AC is obtained.
As the gravitational torque T ij along the axis p ij is always in the same direction or the opposite direction of p ij , we make the following definition. The definition provides a criterion of the rolling motion, namely if the magnitude of the gravitational torques T ij along the axis p ij conforms to T ij > 0, the robot will roll along this axis
As shown in Fig. 6 , in any stable state, the original gravitational torque along p ij always satisfy T o ij < 0, and the air pressure supplied to the actuators is zero, so the L p = L c . With the growing air pressure P , the L p < L c , and if the robot can roll along the axis p ij , the corresponding T ij must be bigger than zero. Hence, the relation between the L p and the T ij should be a monotone decreasing function, and there must be a critical driving length L As the L p is always inversely proportional to the air pressure P , the AC 1 can make the robot roll with lower air pressure.
The energy consumption E of each PMA can be calculated by (8) , where P is the air pressure supplied to the PMA, P a = 101325 Pa, Q a is the volume flow rate under pressure P a , t is the time that the actuator is driven. During the experiments, the time t is the same for each PMA and the Q a is very small, so the energy consumption is proportional to the air pressure P . Hence, the AC 1 can make the robot roll with lower energy consumption, which make AC1 a better choice than AC2 to control the robot roll from
In conclusion, the AC with bigger critical driving length L c p requires lower air pressure P , namely, it is an optimized choice for saving energy.
C. Influence of Material Parameters
Suitable materials should be chosen for building a physical robot with higher deformable capacity and smaller forces on joints to avoid mechanical damage. The amplitude of the variation of the gravitational torque ΔT ij = T ij − T o ij with the variation of the ratio k s /k c shows the influence of the material parameters on the rolling performance. The magnitude of the driving forces W ik shows the influence of the material parameters on the forces on the joints.
As the tensegrity is composed of the struts and the cables, there are only two main materials in the structure. The ratio of the stiffness (or the flexibility) of these two materials have an influence on the stiffness of the structure that will affect the deformable capacity. The material parameter of the struts k s = E s A s /L s , E s is the Young's modulus, the A s is the cross area, and the L s is the length of the struts. The material parameter of the cables k c is the elastic coefficient of the cables. The ratio corresponding to the biggest ΔT ij makes the robot have the highest deformable capacity.
The variation of the magnitude of driving force W ik with the variation of the ratio k s /k c shows the influence of the material parameters on the forces acting on the joints. The components in the tensegrity are connected by universal joints. Because the external forces directly act on the joints at both ends of the actuators and then spread to the rest joints through the deformation of the components, the joints at both ends of the actuators bear the largest force. By analyzing the influence of the k s /k c on the magnitude of driving force W ik , we can limit the forces on the joints to a reasonable range to avoid mechanical damage.
Choosing suitable AC and driving parameters, a group of the ratio of the material parameters k s /k c are substituted into the equations to get the deformed shape of the robot. The T ij can be calculated by (6), ΔT ij = T ij − T o ij , and the T o ij is the magnitude of the original gravitational torques. The magnitude of driving force W ik can be calculated by (2) .
The method proposed earlier can be applied on searching the relation between the AC and the rolling directions of all kinds of tensegrity robots. Meanwhile, the influence of the material parameters and driving parameters on the rolling performance and the forces on the joints is also available. These analyses can help us control the robot roll to a certain destination with optimized AC, and choose suitable materials for building a robot with high deformable capacity and low mechanical damage.
IV. SIMULATIONS
To test the validity of the method proposed earlier, a sixstrut tensegrity robot model consisting of 6 struts and 24 cables is proposed, as shown in Fig. 7 . The vertices are numbered from 1 to 12, for simplicity, we use hexadecimal notations a, b, and c to replace the 10, 11, and 12, respectively. Six different colors mark the six struts to make sure the observability. The topological model and realizations of the tensegrity have been introduced in Section II. The six-strut tensegrity structure is composed of eight RT and 12 IT, so there must be one triangle contact with the ground in any stable state. Fig. 7 shows the model in two different stable states. Depending on the types of the grounded triangles, the stable states can be divided into IT state and RT state. The robot is plane symmetry in IT state and axial symmetry in RT state. The expanded topological graph of the six-strut tensegrity structure is shown in Fig. 3 .
From the net of the icosahedron shown in Fig. 3 , we can see that the IT state can roll to the RT state or another IT state, but the RT state can only roll to IT state for one rolling step. We number RT from V 1 to V 8 and IT from V 9 to V 20 . The relation between the vertices number and the faces number is shown in Table I . The vertices are numbered counterclockwise. The rolling gaits can be described by a sequence of grounded triangles, for example, 6 indicate a path similar to a line. By repeating the rolling motion from RT to IT, and from IT to RT, the robot can roll on the ground continuously.
The material parameters of the model are given by 
value as the elastic coefficient of cables. The six-strut tensegrity robot consists of three pairs of parallel struts, and each two pairs of which are orthogonality. Since the length of the struts and cables are given, the initial position vector
T can be easily obtained through space geometry analysis.
A. Rolling Direction and Influence of Driving Parameters
The six-strut tensegrity robot have three possible rolling directions from each initial state. If k actuators are chosen to drive the robot, the number of the combinations is 24 k . The driving modes with one actuator and a pair of actuators are, respectively, discussed in the following paragraphs. The rolling direction and the influence of the driving parameters are discussed for each AC.
By choosing different AC with different driving length L p , and substituting the known material parameters above into the equilibrium equations (4), we can obtain simultaneous equations with 36 equations, several necessary inequality constraints, and three equality constraints. A mathematical software named "1stOpt" is used to solve the simultaneous equations, and it uses the Quasi-Newton method to find a solution. Analyzing the results, we can obtain the rolling direction and the critical driving length L c p for each AC. 1) One Actuator: In each initial state, one cable is chosen as an actuator, different L p are taken into (4) to find out the displacements of the nodes
T . V 1 = {1, 7, 9} and V 9 = {1, 3, 7} are chosen as the grounded triangles for RT and IT state, respectively. The solution of the simultaneous equations is substituted into (6) to get the gravitational torques, and the critical driving length L c p is the value of L p when T ij = 0. Table III shows the result, namely, the relation between the actuators and the rolling directions, and the critical driving length L c p . From Table III , we can see that, in IT state, cable {1, 8} and {7, 9} can make the robot roll from V 9 to V 1 or V 2 , respectively. As the six-strut tensegrity robot is a plane symmetry structure, the actuator {3, 8} and {1, 8} drive the robot roll to different directions but they have the same critical driving length L c p , so do {7, 9} and {7, a}. In RT state, as the six-strut tensegrity robot is a axial symmetry structure, the actuator {1, 7}, {7, 9}, and {1, 9} have the same critical driving length but make the robot roll to different directions. Fig. 8(c) shows the relation between the T ij and the L p for actuator {1, 8} in IT initial state. T ij = 0 is the boundary that 
the robot can roll or not. T 71 is growing bigger with the decrease of the L p , and finally across the boundary when L p 0.3 m. Hence, the robot can roll from V 9 to V 1 along the roll axis p 71 . The other two gravitational torques are decreasing with the decrease of the L p because the position of the mass center is growing closer to the edge {1, 7}. In addition, the variations of the position of the mass center relative to edge {3, 7} and {1, 7} are bigger than edge {1, 3}.
As shown in Fig. 8(a) , the L ij is always bigger than the L p which indicates the actuator generates a pair of tensile forces on its two vertices. The actuator's force [shown in Fig. 8(b) ] is growing bigger with the decrease of the L p .
2) Pair of Actuators: In each initial state, a pair of cables is chosen as actuators and they are motivated by the same air pressure (namely the same L p ) at the same time. A group of L p are taken into (4) and (6) to find out the rolling directions and the critical driving lengths. The results are shown in Table IV. A pair of actuators {1, 7} and {1, 8} with RT initial state is taken as an example to show the influence of L p on T ij , actuators' deformed lengths and actuators' forces (as shown in Fig. 9 ). As shown in Fig. 9(a) , the L ij is always bigger than the L p which indicates the actuators generate a pair of tensile forces on their two vertices. The actuators' forces are growing bigger with the decrease of the L p . The T 91 is growing bigger and finally across the boundary when L p 0.29 m as shown in Fig. 9(c) . Hence, the robot can roll from V 1 to V 13 along the roll axis {9, 1}. The variation of the T 17 is not obvious and the T 79 is decreasing with the decrease of the driving length, because the deformation make the mass center getting closer to the edge {9, 1} and further to the edge {7, 9} but rarely changed to the edge {1, 7}.
Tables III and IV only list the actuators that can make the robot roll. Observing the data in these two tables and the variation of the T ij , we can find out that:
a) The power source's drive capacity required to make the robot move by one actuator is higher than a pair of actuators. Comparing the critical driving lengths L c p between the same rolling motions in Tables III and IV , we can find out that the L c p in Table III is always smaller than that in Table IV Namely, the drive capacity of the power source supplied to AC {1, 8} should be higher than to AC {1, 7}{1, 8}.
b) The IT state shape gets smaller grounded triangle and higher position for the center of mass, namely the rolling motion from IT to RT is easier than that from RT to IT. This point of Table IV , the former is bigger than the latter.
c) The placement of the actuators is very important. Comparing AC {3, 8} and AC {7, 9} in IT state, both of them can make the robot move from V 9 to V 2 , but the critical driving length L c p of the AC {3, 8} is much bigger than the AC {7, 9}. Because the AC {3, 8} are closer to the ground and can change the shape of the grounded triangle more easily than the AC {7, 9}. Observing the data in the tables, we can see that the actuators that can make the robot move are all close to or even touch the ground.
B. Influence of Material Parameters
The tensegrity robots are composed of struts and cables. The flexibility of the components determines the deformation ability of the robots. The flexibility of the struts depends on their Young's modulus, lengths and cross-sectional areas, and can be expressed as k s = E s A s /L s . The elastic coefficient of the cables is k c , and considering the characteristics of the tensegrity, the k s should always bigger than k c .
Let the k c remains the same, and change the k s equal to x times of the k c to test the influence on the gravitational torques and the driving forces, x = 1, 2, . . . , 10. The cables {1, 7} and {1, 8} are chosen as actuators, the L p = 0.3 m and the initial state is IT state. The result is shown in Fig. 10 . The straight line y = −2.1583 indicates the original gravitational torques along edges {1, 7} and {3, 7}, and y = −3.5244 indicates the original gravitational torques along edge {1, 3}.
In Fig. 10(a) , with the decrease of the k s /k c , the variation of the gravitational torque along axis p 71 is not obvious, however, the magnitude of the gravitational torques along axis p 37 and p 13 are getting further from the original value. This appearance shows the robot can process higher deformation ability with softer materials. In Fig. 10(b) , with the decrease of the k s /k c , the driving forces are getting smaller, namely, the forces on the joints that combine the struts and cables together are getting smaller.
If we reduce the value of k c by half, the variation of the gravitational torques is almost the same, but the magnitude of the driving forces relatively reduce to almost half. Hence, to decrease the damage of the connect joints, decreasing the stiffness of the materials is a good choice.
In conclusion, first, with the decrease of k s /k c , the tensegrity robot can process higher deformable capacity. Second, with the decrease of the k s and k c , the forces on the joints are decreasing. Hence, flexible materials should be chosen to build the physical robot, but the struts should have enough rigidity to make sure the strength of the structure.
V. EXPERIMENTS VALIDATION
In consideration of the influence of the material parameters, a physical robot is built with wooden sticks and FESTO PMAs, as shown in Fig. 11 . The material parameters are shown in Table II . The sticks and the PMAs are connected by universal joints.
The PMA is a tensile actuator which mimics natural muscular movement. It consists of a contraction system and appropriate connectors. The contraction system is formed by a pressure-tight length of rubber hose, and when internal pressure is applied, the hose expands in its peripheral direction, thus creating a tensile force and a contraction motion in the muscles longitudinal direction. A proportional valve is used to control the air pressure 
and a solenoid valve is used to control the supply of compressed air for one PMA. The performance test of the PMAs is shown in Fig. 12 . It shows that the L p is inversely proportional to the air pressure. The largest air pressure the PMAs can bear is 0.7 MPa, hence, the minimum length of the L p is 0.325 m.
Experiments have been done to test the validity of the computation results. Table V shows the result of the experiments: the rolling directions with different actuators and the critical driving lengths L c p . The * indicates that the critical driving length cannot be reached limited by the performance of the PMAs, namely, the robot cannot roll but still shows a tendency.
Comparing Tables III-V, we can see that the experiments confirmed the results about the relationship between the actuators and the rolling directions. However, as we ignored the impact of the inertia of the robot, the accuracy of the critical lengths is unsatisfactory. The critical lengths in experiments are always bigger than the corresponding computation data.
The lengths of the cables determine the deformed shape of the robot, hence, we use the lengths to test the validity of the computation results. Fig. 13 compares the data of the actuators' lengths obtained from the experiments and the computation results. The air pressure used in experiments is varied from 0.2 to 0.7 MPa, and the corresponding driving length is varied from 0.325 to 0.37 m in computations. As the relation between the air and L e 18 in experiments. As a pair of actuators, the variation tendencies of the deformed lengths are almost the same. The variation tendencies of the data in experiments are consistent with the computation results.
By using the force analytic method, we can find out the relation between the rolling directions and the actuators, as well as the critical driving lengths. The robot can roll from RT to IT and from IT to RT with different actuators and suitable driving lengths. Repeating these two motions, the robot can realize the rolling motion on a flat ground continuously. Fig. 14 shows the motion IT → RT → IT and the motion RT → IT → RT.
In our researches, the robot should roll to its adjacent state by one step. However, the robot may roll through the adjacent stable state to another stable state if the deformation is too large. From the analysis in Section IV, we know that the deformation is inversely proportional to the driving length. Hence, we used FEM to find out the critical driving length L c p , namely the biggest driving length that can make the robot roll successfully. The stability of the rolling gaits can be ensured by using a driving length that slightly smaller than the critical driving length.
VI. CONCLUSION AND FUTURE WORKS
This paper proposed a force analytic method based on FEM to find out the deformed shape of the robot, substituting different variables into the method, we can discover the relation between the actuators and the rolling directions to control the tensegrity robot roll to a certain destination, the influence of the driving parameters on the rolling performance to select optimized AC, and the influence of the material parameters on both the rolling performance and the forces on the joints to guide the design of the physical robot. A six-strut tensegrity robot has been built and the experiments on the physical robot verified the computation results.
In the future works, first, different kinds of tensegrity robots will be taken into consideration for generating various gaits and various deformations to adapt to the complex environment. Second, more combinations of the actuators will be tested to achieve the most efficient driving mode. The struts can be replaced by suitable actuators. Lastly, an optimized control method should be discovered to control the rolling gaits for complete coverage of the global environment.
